We demonstrated previously that short term administration of recombinant ␤ -glucuronidase to newborn mice with mucopolysaccharidosis type VII reduced lysosomal storage in many tissues. Lysosomal storage accumulated gradually after cessation of enzyme replacement therapy. Mice alive at 1 yr of age had decreased bone deformities and less lysosomal storage in cortical neurons. Here we compare the effects of long term enzyme replacement initiated either at birth or at 6 wk of age, and of enzyme administration initiated at birth followed by syngeneic bone marrow transplantation (BMT) at 5 wk of age. Several mice from each treatment group lived to at least 1 yr of age. Liver and spleen samples had ␤ -glucuronidase levels ranging from 2.4 to 19.8% of normal and showed a parallel decrease in lysosomal storage. The combination of enzyme replacement therapy followed by BMT reduced lysosomal distension in meninges, corneal fibroblasts, and bone when compared with treatment with enzyme alone. Mice treated at birth had less lysosomal storage in some neurons of the brain and the skeletal dysplasia was less severe when compared to mice whose treatment was delayed until 6 wk of age. We conclude that both enzyme replacement alone and early enzyme replacement followed by BMT have long term positive effects on murine mucopolysaccharidosis type VII. In addition, treatment started at birth is far more effective than treatment initiated in young adults. ( J. Clin. Invest. 1997. 1596-1605.)
Introduction
Lysosomal storage diseases are heritable disorders that result from the lack of specific acid hydrolases and occur with a combined frequency of 1 in 1,500 live births (1) . The mucopolysaccharidoses, a subset of lysosomal storage diseases, are caused by the lack of one of the lysosomal enzymes responsible for the degradation of complex glycosaminoglycans. Mucopolysaccharidosis type VII (MPS VII 1 , Sly syndrome) is caused by a deficiency of ␤ -glucuronidase which leads to an accumulation of undegraded heparan sulfate, chondroitin sulfate, and dermatan sulfate within the lysosomes of many cell types (2) . MPS VII is characterized pathologically by distended lysosomes in the cells of many tissues, and clinically by bone and joint abnormalities, mental retardation, and a shortened life span. Murine and canine models that share many of the biochemical and pathological characteristics of human MPS VII have been described (3) (4) (5) .
Murine MPS VII is an autosomal recessive disease caused by a single base pair deletion in exon 10 of the ␤ -glucuronidase structural gene (3, 6) . Mice homozygous for the mutation are a useful model to test the efficacy of novel therapeutic strategies for lysosomal storage diseases (3) . Syngeneic bone marrow transplantation (BMT) in adult MPS VII mice effectively reversed the disease in many tissues and dramatically extended the life span (7) . However, BMT performed in adult animals did not correct the defects in neurons of the central nervous system or in the skeletal system. BMT performed in neonates, which show minimal histological evidence of lysosomal storage, resulted in a dramatic improvement in the development of the skeletal system and had a persistent positive effect on auditory function and histopathology (8) (9) (10) . However, we were unable to demonstrate any neurological or behavioral improvements (8, 11) . In addition, the conditioning radiation required before BMT produced central nervous system dysplasia (8) .
Results from BMT experiments suggested that the hematopoietic system might be an appropriate target for somatic cell gene therapy. To test this hypothesis, pluripotent hematopoietic stem cells from MPS VII donors were transduced with recombinant retroviruses coding for rat or human ␤ -glucuronidase and used as donor cells for BMT. After conditioning radiation and transplantation of the genetically modified bone marrow cells, ␤ -glucuronidase-positive cells were detected and lysosomal storage was reduced in the livers and spleens of MPS VII recipients (12, 13) . As another approach to gene therapy, artificial organoids containing genetically modified MPS VII fibroblasts were implanted into the peritoneum of mutant mice. These organoids secreted ␤ -glucuronidase for up to 5 mo in quantities sufficient to reverse the disease in the liver and spleen (14, 15 ).
The experimental therapies described above, although promising, require surgery or a conditioning regimen such as radiation or cytotoxic drugs. Direct intravenous administration of recombinant ␤ -glucuronidase might provide an effective, noninvasive alternative. Recently, a method was developed to produce relatively large quantities of recombinant ␤ -glucuronidase containing both the mannose and mannose-6-phosphate recognition moieties (16) . Recombinant ␤ -glucuronidase injected intravenously into neonatal mice was rapidly cleared from the circulation and localized in many tissues expressing the mannose-6-phosphate receptor, including the central nervous system (17) . The t 1/2 of the injected enzyme ranged from 1.2-4.2 d, depending on the tissue. At 6 wk of age, after weekly enzyme injections starting at birth, MPS VII mice had relatively high levels of ␤ -glucuronidase in many tissues (18) . Lysosomal distension was reduced or absent in many tissues and the bones developed more normally. Remarkably, accumulation of lysosomal storage material in neurons in the brain was also reduced. When enzyme injections were stopped following this early treatment period, ␤ -glucuronidase disappeared from the tissues and lysosomal storage reappeared in the liver and spleen by 85 d after the last injection (19) . Although no untreated MPS VII mouse has ever lived beyond 1 yr of age (7), most of the treated mice were alive 1 yr after the last enzyme injection and the cortical neurons had less lysosomal distension than that seen in even younger untreated MPS VII mice (19) .
The present study was designed to determine the effects of long term enzyme replacement beginning either at birth or at 6 wk of age and the effect of a combination of enzyme replacement early in life followed by syngeneic BMT. One group of MPS VII mice received weekly enzyme injections starting at birth followed by monthly injections after 6 wk. A second group received monthly enzyme injections starting at 6 wk of age. A third group received weekly enzyme injections from birth to 5 wk of age followed by syngeneic BMT. The results indicate that all three treatment protocols have long term therapeutic effects. However, treatment with combination therapy appears to provide a more complete therapeutic response than enzyme replacement initiated at birth, which, in turn, is more effective than enzyme replacement started later in life.
Methods

Animals. Homozygous mutant ( gus mps
/ gus mps ) and phenotypically normal ( ϩ /?) mice were obtained from B6.C-H -2 bm1 /ByBir-gus mps / ϩ mutant strain maintained by E.H. Birkenmeier at The Jackson Laboratory (Bar Harbor, ME) (3). Animals for this study were either from a pedigreed colony, maintained by strict brother-sister matings, or from a nonpedigreed colony, maintained by crossing heterozygous animals obtained from the pedigreed colony. The offspring were never more than one generation from the pedigreed colony. Homozygous mutants ( gus mps / gus mps ) were distinguished from normals ( ϩ / ϩ or ϩ / gus mps ) at birth using a fluorometric assay (20, 21) to determine the presence or absence of ␤ -glucuronidase activity in a sample of tissue obtained by toe clipping (8) .
Enzyme production and purification. Mannose-6-phosphate receptor deficient mouse L cells (22) which secrete ‫ف‬ 70% of lysosomal enzymes with the phosphomannosyl recognition marker were stably transfected with an expression plasmid containing the mouse ␤ -glucuronidase cDNA (16, 23) . ␤ -Glucuronidase was purified from the conditioned media by ammonium sulfate precipitation, sephadex, and ion exchange chromatography (16) . The purified enzyme (2 ϫ 10 6 U/mg) was diluted in 10 mM Tris, pH 7.5, 150 mM NaCl, and 1 mM ␤ -glycerophosphate to a concentration of 2.8 ϫ 10 5 U/ml and stored at Ϫ 70 Њ C. ␤ -Glucuronidase activity units (U) are expressed as nanomoles of substrate hydrolyzed per hour.
Enzyme injections and treatment groups. Aliquots of enzyme were thawed and assayed immediately before injection. 21 MPS VII mice were injected on the day they were born with 28,000 U each of recombinant ␤ -glucuronidase into the superficial temporal vein. At 1 wk of age they received the same dose intraperitoneally followed by four injections into the tail vein at weekly intervals. On day 36, 1 d after the last weekly injection, 10 mice were exposed to 400 rads of ␥ radiation delivered from 137 Cs source followed by injection of 1 ϫ 10 6 bone marrow cells from the femurs of ϩ / ϩ female donors. The mice receiving BMT were not injected with any additional enzyme and will be referred to as the "Combined Therapy" group. The remaining 11 mice that received enzyme injections starting at birth were given 28,000 U of enzyme at 30-d intervals starting at 65 d of age and will be referred to as the "Continuous ER" group. 10 MPS VII mice received no treatment until 35 d of age at which time they began receiving 28,000 U of enzyme intravenously at 30-d intervals. This group will be referred to as the "Delayed ER" group. Five phenotypically normal ( ϩ /?) mice were injected intravenously with enzyme the day they were born and weekly thereafter until day 35 and then given BMT at day 36. At 185 d of age two mice from each treatment group were killed and analyzed histologically, histochemically, and biochemically to determine the effectiveness of the various treatments. Surviving mice were killed between 342 and 395 d of age and analyzed as described previously (18) . The surviving experimental animals from the Continuous ER and the Delayed ER groups were killed 1 wk after the last enzyme injection. Untreated normal and MPS VII mice were identified and used as controls.
Biochemical and histochemical analysis. Tissue sections were isolated and homogenized in 20 mM Tris, pH 7.5, 140 mM NaCl, 10 mM ␤ -mercaptoethanol, and 0.25% saponin with a motorized pestle. Lysosomal enzymes were assayed fluorometrically using 4-methylumbelliferyl (4-MU) substrates (10 mM) as previously described (8, 20, 21) . ␤ -Glucuronidase, ␣ -galactosidase, and ␤ -hexoseaminidase were assayed with the substrates 4-MU-␤ -D -glucuronide, 4-MU-␣ -D -galactoside, and 4-MU-N-acetyl-␤ -D -glucosaminide, respectively (Sigma Chemical Co., St. Louis, MO). Protein determinations were performed by the Coomassie dye binding assay (24) . ␤ -Glucuronidase was identified histochemically in frozen sections of costal marrow, liver, spleen, and brain from selected animals Ն 342 d of age that received Combined Therapy, Continuous ER, and Delayed ER as previously described (25) . Histochemical analysis was performed on samples of liver and spleen obtained prior to perfusion in animals killed at 185 d of age. Briefly, 10-m cryosections were fixed in chlorolhydrate-formalin-acetone fixative for 20-30 min at 4 Њ C, washed, then incubated for 2-4 h in 0.25 mM naphthol-AS-BI-␤ -D -glucuronide (Sigma Chemical Co.) in 50 mM sodium acetate buffer, pH 4.5. The sections were then stained in 0.25 mM naphthol-AS-BI-␤ -Dglucuronide and pararosaniline hydrochloride for 16 h at 37 Њ C. Histochemically stained sections were then counter stained with 1% methyl green for 10 min.
Pathology. Tissues were collected, fixed, and prepared for light and electron microscopy as previously described (4, 19) . The two animals killed at 185 d of age from each group were anesthetized and perfused through the left ventricle with 2% glutaraldehyde, 4% paraformaldehyde in phosphate buffered saline. Before perfusion, liver and spleen biopsies were obtained for histochemical and biochemical analysis. Animals Ն 342 d of age from the Combined Therapy ( n ϭ 4), Continuous ER ( n ϭ 3), and Delayed ER ( n ϭ 5) groups were examined histologically for the presence or absence of lysosomal distention. For histology, toluidine blue-stained, 0.5-m thick sections of tissue embedded in Spurr's resin were evaluated for lysosomal storage. Without knowledge of the therapeutic regimen with which specific animals were treated, tissues were evaluated with those from other ongoing studies using a semiquantitative scale. When stor-age was very difficult to find in many areas or was not apparent by light microscopy, i.e., nearly complete clearance of storage, "marked reduction" in lysosomal storage was scored. "Moderate reduction" in storage was identified when lysosomal distention was present but was generally reduced compared with untreated MPS VII controls. A slight and focal reduction in storage compared with untreated MPS VII controls was scored as "focal reduction". To receive an assessment of focal reduction, storage was more apparent than if a score of moderate reduction was assigned. These assessments were made by histological study of the entire tissue sample section for each organ except the brain. For the brain, two transverse sections, one at the level of the hippocampus and including the temporal cortex, and the other at the level of the brain stem and cerebellum were examined by two pathologists. Tissue from age-matched, untreated MPS VII animals were used as controls. Since untreated MPS VII mice do not generally survive past 300 d of age, a 185-d-old control and untreated MPS VII mice older than 200 d from previous experiments were used for comparison with the treated animals older than 300 d.
Morphometric analyses were performed on the femur, humerus, radius, ulna, tibia, and fibula from treated and untreated mice as previously described (8) . Bone lengths were grouped and compared according to treatment and sex.
Enzyme-linked immunosorbent assay and immunoprecipitation. An ELISA was performed on plasma from treated and untreated mice to detect antibodies against antigens present in the recombinant ␤ -glucuronidase preparations. Purified recombinant murine ␤ -glucuronidase at 10 g/ml in 15 mM Na 2 CO 3 , 35 mM NaHCO 3 , 0.02% NaN 3 (pH 9.6) was incubated overnight in 96-well microtiter plates. The wells were washed three times with TBST (10 mM Tris [pH 7.5], 150 mM NaCl, 0.05% Tween 20), then blocked for 1 h at 25 Њ C with 3% casein in PBS. Dilutions of mouse plasma in TBST (100 l at 10
Ϫ 3 , and 10 Ϫ 4 dilution) were added to the wells and incubated at 37 Њ C for 2.5 h. The wells were washed 4 ϫ with TBST, then 100 l of TBST containing a 1/500 dilution of peroxidase conjugated goat anti-mouse IgG (Sigma Chemical Co.) was added and incubated at 25 Њ C for 1 h. The wells were then washed three times with TBST and two times with TBS (10 mM Tris [pH 7.5], 150 mM NaCl). 100 l of ABTS peroxidase substrate (0.1 mg/ml ABTS [azino bis {3-ethylbenzothiazoline-6-sulfonic acid} diammonium salt] [Boehringer Mannheim, Indianapolis, IN], 24 mM citric acid, 52 mM Na 2 HPO 4 [pH 5.0] ϩ 0.5 l 30% H 2 O 2 ) were added per well and incubated at room temperature for 30 min. The absorbance at 405 nm was determined on an automatic ELISA plate reader (Molecular Devices, Sunnyvale, CA).
An immunoprecipitation assay was used to detect antibodies directed against murine ␤ -glucuronidase in the plasma from treated and untreated mice. This assay is based on the ability to recover ␤ -glucuronidase activity in the pellet fraction, and lose enzyme activity from solution after precipitation of antibody-␤ -glucuronidase complexes with protein G-sepharose. Murine ␤ -glucuronidase (500 U) was added to 1 ml of PBS containing 10 l of mouse plasma and 1 mg/ml BSA. The solution was incubated overnight at 4 Њ C on a rotating wheel then 100 l of a 1:1 mixture of protein G-sepharose (Pharmacia LKB Biotechnology, Piscataway, NJ) in PBS was added and mixed at 4 Њ C for 4 h. The complexes were pelleted in a microcentrifuge for 2 min at 14,000 rpm. The supernatant was collected and the pellet was washed twice with 1 ml PBS. The pellets were resuspended in 0.5 ml PBS containing 1 mg/ml BSA. Supernatants and resuspended pellets were assayed fluorometrically for ␤ -glucuronidase activity (8, 20, 21) . Units were expressed as nanomoles substrate hydrolyzed/hour. Reactions containing no antibody or 2.5 l of polyclonal goat anti-mouse ␤ -glucuronidase antibody were performed as negative and positive controls, respectively.
Statistical analysis. All biochemical and morphometric comparisons are represented as percentages of untreated normal mice and analyzed for statistical significance using Student's t test. Survival in the untreated MPS VII mice and in the groups of mice receiving the various treatments was analyzed by the Kaplan-Meier method (26) . The groups were compared using Log-Rank analysis.
Results
Biochemical response to Combined Therapy, Continuous ER and Delayed ER. Two groups of MPS VII mice received enzyme replacement therapy (ER) only; one, starting at birth, is referred to as the Continuous ER group, and a second, starting at 6 wk of age, is referred to as the Delayed ER group. A third group of MPS VII mice received early enzyme injections (from birth to 5 wk of age) followed by BMT at 5 wk of age, and is referred to as the Combined Therapy group. The data summarized in Fig. 1 show that the level of ␤-glucuronidase activity 1 wk after the last injection was similar in both the Continuous ER and the Delayed ER groups. The level of enzyme activity was ‫ف‬ 18.5, 3.0, 0.5, and 0.25% normal in liver, spleen, kidney, and brain, respectively. These levels are comparable to those previously observed in MPS VII mice that received enzyme injections from birth to 5 wk of age (18) . The data in Fig. 1 also show that ␤-glucuronidase levels and distribution were different in the Combined Therapy group compared with either the Continuous ER or the Delayed ER groups. However, the distribution and level of ␤-glucuronidase in the Combined Therapy group was similar to that previously observed in MPS VII mice treated with BMT alone (7, 8) . The liver, spleen, kidney, and brain in the animals receiving the Combined Therapy had 5.5, 19.8, 0.77, and 0.75% normal levels, respectively. ␤-Glucuronidase activity in the brains of these mice was significantly higher than in the brains of untreated MPS VII mice (P Ͻ 0.001) or those of MPS VII mice in either the Continuous ER or the Delayed ER groups (P Ͻ 0.02).
Reductions in the secondary elevations of the lysosomal enzymes ␣-galactosidase and ␤-hexoseaminidase have been shown to provide biochemical indicators of a positive therapeutic response in murine MPS VII (7, 8, 12, 18) . Fig. 2 shows that, in all three treatment groups, the secondary elevations of both lysosomal enzymes were reduced in the livers, spleens, and kidneys when compared with the levels seen in organs from untreated MPS VII mice. The decreases in secondary ele- Figure 1 . ␤-Glucuronidase activity in the liver, spleen, kidney, and brain from Ն 342-d-old MPS VII mice receiving the Combined Therapy, Continuous ER, or Delayed ER protocols (see Methods). The enzyme activity is expressed as percentage of normal (ϩ/ϩ). Error bars represent one standard deviation from the mean. ␤-Glucuronidase activity in the liver, spleen, kidney, and brain was 0.03, 0.01, 0.01, and 0.07% normal, respectively, in untreated MPS VII mice (n ϭ 3) ranging from 3 to 6 mo of age.
vations in the brain were most pronounced in the group of animals receiving the Combined Therapy. ␤-Hexoseaminidase activity was significantly (P Ͻ 0.05) lower in the brains of the Combined Therapy group than in either the Continuous ER or the Delayed ER groups. Although the ␣-galactosidase activity in the brains of mice receiving Combined Therapy was lower, on average, than that observed in the brains of untreated MPS VII mice, the difference was not statistically significant. There was no statistically significant difference in the secondary elevations of ␣-galactosidase and ␤-hexoseaminidase in the brains of the Continuous ER and the Delayed ER groups when compared with levels in untreated MPS VII mice. Although some of the decreases in the secondary elevations in the brains of the treated animals were statistically significant, the decreases were small and it is not clear whether these decreases are biologically significant.
Histochemical analysis of tissues from animals treated with either Continuous ER or Delayed ER showed ␤-glucuronidase activity in hepatocytes, liver sinus lining cells, and spleen red pulp (data not shown). In MPS VII mice Ն 342 d of age which received Combined Therapy, ␤-glucuronidase activity was present in the bone marrow, liver sinus lining cells, spleen red pulp, and white pulp. One of the oldest survivors in the Combined Therapy group had ␤-glucuronidase-containing cells in the meninges and isolated positive cells in the brain.
Phenotypic correction of murine MPS VII after Combined Therapy and Continuous ER. Clinically, the MPS VII mice in the two groups receiving Combined Therapy or Continuous ER were difficult to distinguish from normal mice as they approached 1 yr of age. In contrast, mice in the Delayed ER group already displayed the characteristic MPS VII phenotype at the onset of therapy (skeletal dysplasia with stunted growth and abnormal facies) and showed no phenotypic improvement after enzyme injections for 10 mo. Both groups receiving Combined Therapy or Continuous ER had significant increases (P Ͻ 0.01) in adult bone length compared to untreated MPS VII mice (Table I) . Even the mice in the Delayed ER group showed a significant increase (P Ͻ 0.05) in bone length over those of untreated MPS VII mice. There was no significant difference between the bone lengths at 1 yr of age from the group of mice which received Continuous ER and those from a prior study which received enzyme starting at birth with no additional injections past 5 wk of age (19) . However, the group that received Combined Therapy showed a significant increase (P Ͻ 0.05) in the bone lengths compared to that previously reported group receiving enzyme alone during the neonatal period (19) . Table I also presents body weight comparisons between the treatment groups. The body weights of animals which received Continuous ER were close to normal at nearly 1 yr of age. The body weights of MPS VII mice which received Combined Therapy were significantly less than normal. However, the body weights were significantly greater (P Ͻ 0.001) than those of MPS VII mice which received Delayed ER. Fig. 3 summarizes the survival data from the four treatment groups in this study, and presents data on untreated MPS VII animals from a prior study (7) . The normal control animals that received Combined Therapy showed no mortality Ͼ 1 yr. Untreated MPS VII mice, from prior studies, were all dead by 1 yr of age, and 50% were dead by 150 d. All three groups of treated MPS VII animals had a significantly (P Ͻ 0.001) increased life span compared with the untreated MPS VII mice. There was no statistically significant difference between the life spans of the three groups of treated MPS VII mice.
Histopathologic evidence of reduced lysosomal storage. In all three treatment groups, animals had reduced lysosomal storage in Kupffer cells of the liver and in the sinus lining cells and trabecular cells of the spleen (Table II) . The osteoblasts lining bone trabeculae and osteocytes within the trabeculae showed reduced lysosomal storage material in animals from all three treatment groups at nearly 1 yr of age (Fig. 4) . There was a marked decrease in lysosomal storage in the corneal fibroblasts of mice treated with Combined Therapy (Fig. 5) . In contrast, the corneal fibroblasts of MPS VII mice treated with either Continuous ER or Delayed ER showed no reduction in lysosomal storage.
Meningeal storage was reduced in all the groups when compared with untreated MPS VII mice (Fig. 6) . Improvement in the leptomeninges was greatest in MPS VII mice which received Combined Therapy. Neocortical neurons in MPS VII mice in each treatment group had a slight or moderate decrease in lysosomal storage material (Fig. 7) . Hippocampal cortical neurons in mice from the Combined Therapy and Continuous ER groups also had a slight decrease in lysosomal distension at 185 d of age but, by Ն 342 days of age, these neurons were indistinguishable from those in untreated MPS VII mice. In mice treated with Delayed ER, hippocampal neurons Figure 3 . Probability of survival of treated and untreated MPS VII mice (historical controls) and treated normal mice. The probabilities that MPS VII mice will survive to at least 342 d of age following Combined Therapy, Continuous ER, and Delayed ER are 39, 29, and 67%, respectively. All three groups of treated MPS VII mice had a statistically significant (P Ͻ 0.001) increase in life span compared with untreated MPS VII mice. Vertical tick marks on the respective curves represent animals that were removed from the study for biochemical, histochemical, and histopathological analysis. The study was terminated when all the mice were at least 342 d of age.
showed no response to treatment. Glial and Purkinje cell cytoplasmic vacuolation was not reduced in any of the treatment groups. The cerebellar dysplasia observed in MPS VII mice irradiated at birth before BMT (8) was not seen in any of the treatment groups in this study, including those which received the Combined Therapy.
Adverse reactions to enzyme replacement therapy. MPS VII mice which received six weekly injections of enzyme starting at birth in this study and prior studies (18, 19) showed no obvious adverse reactions during the first 6 wk of life. However, 5 of the 10 animals in the Continuous ER group had mild to severe reactions later; the earliest reactions occurred at 65 d of age. The reactions occurred immediately after the injections, lasted 15-30 min, and were characterized by labored breathing and lethargy. One mouse in the Continuous ER group died 1 h after an enzyme injection. Some of the MPS VII mice in the Delayed ER group also had similar adverse reactions. One mouse in this group died at 121 d of age immediately after the third enzyme injection. After the reactions were observed, all the mice that received monthly enzyme injections were injected intraperitoneally with 0.2 mg/kg dexamethasone 24 h before their enzyme injections, and again 1 h before the enzyme injections with 0.2 mg/kg dexamethasone, 1 mg/kg diphenhydrazine, and 0.5 mg/kg ephedrine. This treatment appeared to delay the onset and perhaps decrease the severity of reactions after injection but did not prevent their occurrence in animals that had previously had reactions following injections.
At the end of the study, serum was analyzed by ELISA for the presence of antibodies against an antigen in the enzyme preparation and by immunoprecipitation for the presence of specific antibodies against murine ␤-glucuronidase. All of the animals from the Continuous ER and Delayed ER groups had measurable levels of antibodies against an antigen in the enzyme preparation. However, antibodies from the same sera, bound to protein G-Sepharose failed to precipitate purified murine ␤-glucuronidase. This suggests that the mice developed antibodies against a contaminant in the enzyme preparation but not specifically to the ␤-glucuronidase. A likely candidate for the antigenic contaminant is human serum albumin (HSA). HSA was added to the enzyme preparation at an early stage of purification to enhance enzyme stability. The sera described above demonstrated very low or undetectable levels of antibodies against a preparation of recombinant ␤-glucuronidase purified in the absence of HSA but did react in Western blots with purified HSA (data not shown).
No antibodies against any antigen in the enzyme preparation were detected in the sera from mice which received the Combined Therapy. However, one animal in the Combined Therapy group was killed at 121 d of age due to severe dermatitis and another mouse in the same group was killed at 373 d of age due to lymphoma.
Discussion
We recently reported that injections of recombinant murine ␤-glucuronidase during the first 5 wk of life led to a striking reduction of lysosomal storage material in many tissues, including neurons of the CNS, and resulted in an increased life span (17) (18) (19) . We demonstrate here that monthly enzyme replacement beyond the first 5 wk of life resulted in a persistent therapeutic response as indicated by decreased lysosomal storage in the liver, spleen, bone, meninges, and cortical neurons. The treated MPS VII mice also had decreased bone dysplasia as reflected by more normal bone growth even when the therapy was initiated at 5 wk of age (Delayed ER).
The persistent reduction in lysosomal storage in the corti- cal neurons is of interest. Perhaps, the requirement for ␤-glucuronidase for glycosaminoglycan metabolism is greatest in the CNS during the neonatal period when neuronal migration and remodelling are taking place. Therefore, if the accumulation of lysosomal storage material can be prevented in neurons during neonatal development (18) , persistent low levels of ␤-glucuronidase in the CNS following enzyme therapy or BMT may be sufficient to prevent accumulation of lysosomal storage material for an extended period of time.
The Delayed ER group showed no decrease in lysosomal storage in the hippocampal neurons of the CNS at 185 or Ͼ 342 d of age. In contrast, when the therapy was initiated at birth (Combined Therapy and Continuous ER) the lysosomal distension in the hippocampal neurons was decreased at 185 d of age. One possible explanation for the reduced therapeutic response in the brains of the Delayed ER group is that the 28,000-U dose of enzyme is much smaller on a weight basis in adult mice ‫ف(‬ 0.7 mg/kg) than 28,000 U administered to newborn mice ‫ف(‬ 7 mg/kg). Another possibility is that young adult mice have a more fully developed blood-brain barrier that prevents enzyme from gaining access to the brain (27) . A third possible factor is that down regulation of the mannose-6-phosphate receptor in the brain during postnatal development may contribute to the poor uptake of enzyme in young adult mice (28) (29) (30) .
The mechanisms of enzyme uptake and reduction of storage in the CNS by enzyme replacement and BMT are not completely understood. However, results from this and other studies suggest that early treatment for lysosomal storage diseases leads to more complete reduction of storage material in the CNS. In a canine model of fucosidosis (␣-L-fucosidase deficiency), lysosomal storage material in the CNS is reduced to a greater extent when BMT is initiated early in life (2-4 mo of age) rather than later in life (6-30 mo) (31, 32) . An increase in the life span, enzyme-containing donor cells in the CNS and remyelination of peripheral nerves was observed in a murine model of Krabbe's disease (galactosylceramidase deficiency) after BMT performed on 9-12-d-old animals (33, 34) . However, no improvements in the mice were seen if the therapy was delayed until 21-28 d of age (33) . Although enzyme replacement and BMT studies cannot be directly compared, it is interesting that BMT performed in 5-mo-old dogs with HurlerScheie Syndrome (MPS I) reduces lysosomal storage in the CNS (35) but enzyme replacement started at Ն 8 mo has no effect on the disease in the brain (36) .
Combined Therapy in the MPS VII mouse produced a reduction in lysosomal storage in the same tissues that improved after enzyme replacement. In addition, lysosomal storage material was dramatically reduced in corneal fibroblasts by Combined Therapy but not by enzyme replacement alone. These results are similar to observations in MPS I dogs after BMT or ␣-L-iduronidase replacement by enzyme replacement therapy (35, 36) . The mechanisms of corneal correction by BMT is unclear. One possible mechanism might be migration of donorderived cells to the cornea that "cross correct" surrounding cells by direct cell-cell contact (37) or by receptor-mediated endocytosis of secreted enzyme (20) . A recent study showed that enzyme replacement failed to reduce corneal clouding in a feline model of Maroteaux-Lamy syndrome (MPS VI) (38) . Unlike MPS VII and MPS I, however, BMT did not significantly reduce corneal clouding in humans or cats with MPS VI (39, 40) . In addition, a detailed study of reciprocal corneal transplants between cats with MPS VI and normal cats failed to demonstrate any reduction in lysosomal storage in the affected tissue (41) . One study in MPS VI patients reported partial clearing of the corneal tissue adjacent to a graft from a normal donor (42) , however, the methods of assessing correction were different between the human and cat studies. The variations in the extent of corneal correction after BMT highlights some of the subtle differences between individual mucopolysaccharidoses. However, the fact that there has uniformly been no reduction in corneal storage material in any lysosomal storage disease after intravenous delivery of recombinant enzyme suggests that another form of therapy is required for this tissue.
Although BMT performed in neonates was an effective means of therapy for lysosomal storage in many organs (8, 10) , severe cerebellar dysplasia resulted from conditioning radiation in the newborn period. Cerebellar dysplasia was not seen in mice treated with the Combined Therapy in this study, demonstrating the advantage of delaying conditioning radiation until cerebellar development is more complete.
We detected antibodies directed against HSA in the ␤-glucuronidase preparations in MPS VII mice that received enzyme replacement therapy alone. No antibodies were detected in mice that received Combined Therapy. We assume the antibodies against HSA explain the adverse reactions observed in some mice after enzyme injection. We have no evidence that the anti-HSA antibodies interfered with the localization of, or therapeutic response to the injected enzyme. The distribution and levels of ␤-glucuronidase were comparable at 6 wk (18), 185 d, and Ն 342 days of age in mice that received enzyme injections. The reduction in lysosomal distension observed in the various tissues was also similar at the various time points with the exception of the brain in the Delayed ER group. Although antibodies to the infused enzyme itself were not seen in these studies, antibodies against infused enzyme have been reported in humans, dogs and cats that have received enzyme replacement therapy for lysosomal storage diseases. Development of antibodies does not necessarily preclude further enzyme therapy. Some humans with Gaucher disease develop antibodies to glucocerebrosidase after repeated administration of enzyme but still show a positive clinical response for at least 2-3 yr (43, 44) . Dogs with Hurler-Scheie syndrome which receive enzyme injections over a 3-mo period develop antibodies to ␣-L-iduronidase but still have a positive clinical response (36) . In humans and dogs the severity of the immune response can be reduced effectively by pretreatment with antihistamines, by reducing the enzyme dose, or by slowing the administration rate (36, 43, 44) . Antibodies against N-acetylgalactosamine-4-sulfatase were detected in three cats with MPS VI after repeated enzyme injections (38) . Although all three cats tolerated the injections well and had reduced lysosomal storage in visceral organs, a slightly reduced efficacy may have been observed in the cat with the highest antibody titer.
These results suggest that injection of recombinant ␤-glucuronidase can provide long term therapeutic benefits for MPS VII. A combination of early enzyme replacement followed by BMT appears to be as effective as enzyme replacement alone and actually leads to more complete correction in some cell types. Consistent with previous findings (8, 19) , early initiation of therapy produces the most complete response. Given the extreme cost of life-long enzyme injections, enzyme replacement therapy may be most cost effective early in life when it has the greatest opportunity to influence development. One might rely subsequently on BMT, if a suitable donor is available, or on some form of gene therapy that allows the patients to produce their own enzyme later in life (12, 13, 15) . Should human patients with MPS VII or similar disorders benefit as dramatically from early intervention as do the animals in this study, one could argue that the current lack of newborn screening for lysosomal storage diseases may be the greatest impediment to effective therapy for this group of diseases.
